The atomic and band structures of the (6, 0) zigzag carbon nanotube at its axial elongation are calculated by semiempirical molecular orbital and by tight-binding methods. The ground state of the nanotube is found to have a Kekule structure with four types of bonds and difference between lengths of long and short bonds of about 0.005 nm. The structural phase transition is revealed at ≈ 9% elongation, resulting in a quinoid structure with two types of bonds. This structural phase transition is followed by the transition from a narrow gap to moderate gap semiconductor. Validity of the semiempirical PM3 method is discussed.
Introduction
The studies of structural, electronic and elastic properties of carbon nanotubes (CNTs) are actual in connection with perspectives of their applications in nanoelectronic devices and in composite materials [1] . These properties are also of fundamental interest, particularly for physics of phase transitions. For example, such structural phase transitions as the commensurateincommensurate phase transition in doublewalled CNTs [2, 3] and the spontaneous symmetry breaking with formation of corrugations along nanotube axis [4] have been considered.
The possibility of Peierls transition in CNTs was first considered in [5] . As a result of this transition, metallic CNTs become semiconducting at low temperature and Peierls distortions of the nanotube lattice lead to a Kekule structure (see Fig. 1a ). The Kekule structure can arise in a (m, n) CNT in the case that m − n is multiples of 3 [6] . The Peierls gap [6] [7] [8] , Peierls transition temperature [5, 6, [8] [9] [10] [11] [12] and bond lengths changes [6, 7, 13] due to Peierls distortions were estimated for (n, n) armchair CNTs. Static twist deformation of the (5, 5) armchair nanotube lattice at the Peierls transition was also predicted [11, 12] . The other type of Peierls distortions was found for the semiconductor chiral CNTs [6, 14] . The Kekule structure of the ground state was found for the finite length armchair CNTs using density functional theory [15] [16] [17] and semiempirical molecular orbital [17] calculations. X-ray crystallographic analysis of chemically synthesized short (5, 5) CNTs shows the Kekule bond length alternation pattern for their structure [17] .
Although the Kekule structure can arise in (n, 0) zigzag CNTs, if n is multiples of 3, such possibility has not yet been considered. The density functional theory calculations performed for short zigzag CNTs show that pattern of short and long bonds arise [18, 19] , however this pattern cannot be assigned to the Kekule structure (as it is defined in [6, 20] ). Previously [13] we have revealed the Kekule structure of the ground state of (5, 5) armchair CNT by semiempirical molecular orbital calculations and found two deformational structural phase transitions connected with spontaneous symmetry breaking and controlled by uniaxial deformation of the CNT.
In the present Letter we consider the possibility of the Kekule structure of the ground state and structural phase transitions in (3n, 0) zigzag CNTs on the example of the infinite (6, 0) CNT. We present the semiempirical molecular orbital PM3 [21] calculations of the internal energy and atomic structure of a uniaxially deformed infinite (6, 0) CNT up to 12% elongation. For calculated atomic structure we use simple tightbinding (Hückel) [22] calculations to gain qualitative insight into changes of the electron energy band structure of a uniaxially deformed (6, 0) CNT at structural phase transitions. Geometry optimization of an infinite (6, 0) CNT was also performed by density functional theory (DFT) calculations.
Methodology
Semiempirical molecular orbital method PM3 [21] modified for one-dimensional infinite periodic structures [23] is used to calculate the internal energy and atomic structure of the (6, 0) CNT under uniaxial strain. Calculations were performed using the MOPAC2007 code [24] .
The adequacy of the PM3 parameterization of the Hamiltonian has been already demonstrated [25] by the calculation of bond lengths of the C 60 fullerene with I h symmetry: the calculated values of the bond lengths coincide with the measured ones [26] at the level of experimental accuracy of 10 −4 nm at liquid helium temperature. The PM3 parameterization gives also correct bond length in graphite [27] . Comparison of different types of semiempirical calculations [28] shows that the PM3 parameterization gives the best accuracy for structure and internal energy of carbon nanostructures.
To check the convergence of calculated quantities versus the size of the computational cell the structure of the ground state of the infinite undeformed (6, 0) CNT is obtained with the use of computational cells comprising 72, 96 and 120 atoms corresponding to three, four and five translational periods of the CNT, respectively. The results presented below are obtained for the computational cell comprising 96 atoms that allows to calculate the internal energy and bond lengths with the accuracy within 0.4% and 0.1%, respectively. Calculations were performed for the infinite CNT with the use of Born-von Karman boundary conditions along the nanotube axis with full geometry optimization (without any symmetry constraints) including the computational cell length.
For the computational cell comprising 96 carbon atoms, we have also performed DFT calculations of the nanotube geometry within package Quantum-ESPRESSO (program PWscf for plane wave pseudopotential method) [29] . Periodic boundary conditions along the nanotube axis with full geometry optimization were used, spin-polarization was not taken into account.
PWscf program was configured to use Perdew-Zunger [30] local density approximation (LDA) of exchange-correlation energy (pseudopotential C.pz-vbc.UPF). Energy cutoff of plane waves was set to 408 eV. Geometry optimization was performed within a quasi-Newton scheme combined with the BroydenFletcher-Goldfarb-Shanno algorithm for Hessian updating (see also [31] ). We have also checked DFT calculations by use of Perdew-Burke-Ernzerhof (PBE) parametrization [32] of the generalized gradient approximation (GGA) of exchangecorrelation energy. It was found no significant difference between the results of GGA and LDA calculations.
In order to check the accuracy of the used DFT method we have calculated geometry of fullerene C 60 and compared obtained bond lengths with the experiment [26] . Geometry optimization by PWscf showed certain dimerization of C-C bond lengths in C 60 molecule. The deviation of the PWscf calculations from the average measured values was within 1.3%, while for PM3 it was less than 0.2%.
Ground state structure of (6, 0) nanotube
Contrary to the armchair CNTs [6, 13] , the multiplication of the translational period along the nanotube axis is not necessary for zigzag CNTs with the Kekule structure. In the work [33] a possibility of Peierls gap opening was considered in the electron energy spectrum of the (3n, 0) CNTs in the dynamic regime (due to the interaction of electrons with longitudinal optical phonons at the boundary of the Brillouin zone). Since the wavelength of such phonons is twice as large as a translational period of the CNT, this leads to the doubling of the translational period of the system. In order to check whether the static Peierls distortions are realized for the (6, 0) CNT, we performed PM3 calculations with the length of computational cell equal to four translational periods of the CNT. These calculations as well as the calculations with the length of computational cell equal to three and five periods reveal ordinary translational period along nanotube axis for the (6, 0) CNT.
Our calculations give the Kekule structure for the (6, 0) CNT at the ground state (ε = 0), see Contrary to the PM3 method, the DFT calculations show only the quinoid structure of the (6, 0) CNT and do not show the Kekule structure for any elongation of the nanotube. However, the DFT method seems to be less accurate in geometry calculations of carbon nanostructures than the PM3 method as being compared to experimental data (see the last paragraph of the methodology section).
Deformational structural transition in (6, 0) nanotube
The structure and internal energy of the (6, 0) CNT are calculated with full geometry optimization for relative axial elongations of the CNT ε = 0-12% (ε = (l − l 0 )/l 0 , where l is the length of the computational cell and l 0 = 1.703 nm is the length of the computational cell at the ground state). The computational cell comprising N = 96 carbon atoms with the length of four translational periods of CNT along the nanotube axis is used.
The high kinetic barrier for formation of Stone-Wales defects excludes their spontaneous formation at room temperature up to the elongation ε = 15% [34] (see also consideration of these defects formation at bending deformation of CNT [35] ). Thus, we do not consider nanotube structures with Stone-Wales defects. Note also that we consider CNTs at elongations which are well under the fracture value (ε = 16% according to AM1 calculations [36] and ε = 20% according to PM3 and density functional theory-based calculations [37] ).
The following phases with different symmetries of the structure have been found for the uniaxially deformed (6, 0) CNT: the phase A with the Kekule structure at all considered elongations ε from 0% to 12% and the phase B with the quinoid structure at the elongations ε from 3% to 12%. The quinoid structure of the CNT at the great elongation is shown in Fig. 1b . The PM3 calculated dependences of the bond lengths on the elongation ε are presented in Fig. 2 .
The PM3 calculations of the nanotube internal energy U of the (6, 0) CNT at zero temperature as a function of square of the relative elongation is shown in Fig. 3a . Since we study the system at constant length and temperature, the ground state is determined by the minimum of the system internal energy. The difference of the internal energies U A −U B of the phases A and B is shown in Fig. 3b . The change of sign of the energy difference U A − U B means that the structural phase transition takes place at zero temperature at the critical elongation ε t ≈ 9%. Thus, at zero temperature, the phase A is stable at the elongation ε < ε t and the phase B (see Fig. 1b ) is stable at ε > ε t . The phase A at elongation ε > ε t and the phase B at elongation ε < ε t are metastable.
The dependence of the bond lengths (Fig. 2) on the elongation ε demonstrates that the transition from the Kekule structure with four types of bonds to the quinoid structure with two types of bonds takes place with abrupt change of the structure of the CNT. Thus, first-order structural phase transition controlled by the nanotube elongation takes place, at zero temperature at the critical elongation ε t ≈ 9% where the internal energies of the phases coincide (see Fig. 3 ). At nonzero temperature, phase transitions in one-dimensional systems have a crossover character (see discussion for structural phase transitions in armchair CNTs in [13] and references therein). The elastic constants (coefficient of elasticity, Poisson ratio, torsion modulus) and specific heat of the CNT also abruptly change at the phase transition. Thus, the structural phase transition can be determined by peculiarities of these quantities on temperature or the elongation.
The dependence of the internal energy U on the length l = (1+ε)l 0 of the computational cell is interpolated by the Hooke's law for the elongation range ε = 0-1%
where ν is the coefficient of elasticity of a CNT with the length l 0 = 1.703 nm at the ground state and number of atoms N.
Taking into account the coefficient of elasticity ν defined by Eq. has the following form:
where R = 0.241 nm is the radius of the CNT corresponding to the elongation ε = 0 and w = 0.34 nm is the effective thickness of the wall [37] [38] [39] [40] [41] . (In Eq. (2) Since the radius R depends on the elongation ε, it is not convenient to use Eq. (2) for strained CNTs. Moreover, the coefficient of elasticity ν is the quantity which can be measured experimentally. Thus, we have calculated the abrupt change of the coefficient of elasticity at the structural phase transition: ν B = 0.97ν A , where ν A and ν B are the coefficients of elasticity for the phases A and B, respectively (the coefficients of elasticity are calculated for the elongation range ε = 8-10%).
Electronic structure of deformed (6, 0) CNT
Both zigzag and armchair CNTs with the Kekule structure are semiconducting at the ground state with the band gap being proportional to the difference of the hopping (resonance) integrals corresponding to bonds of different types [20] , while the same CNTs with all bonds of equal length are metallic [20] . (Note, that tight-binding calculations, which take into consideration not only three nearest atoms but also two next-nearest ones [45] , also give zero band gap for (6, 0) zigzag CNT with all equal bond lengths.) Thus, the accurate calculations of the atomic structure of the deformed CNT are necessary to calculate the band structure. To gain a qualitative insight in the energy spectrum of π-electrons in the uniaxially deformed (6, 0) CNT, we perform the tight-binding calculations [22] for the PM3 calculated atomic structure. Only interaction between nearest-neighbour atoms is taken into account. The hopping integral is used in the Harrison's form [46] 
2 , where t 0 = 2.6 eV is the standard value of the hopping integral in a CNT for the C-C bond length a 0 = 0.142 nm [47, 48] , and a CC is the calculated bond length.
The band structure of the deformed (6, 0) CNT with the bond lengths and angles taken from the PM3 calculations is obtained by the diagonalization of the matrixes (A.2) and (A.3) for ε = 0-9% and ε > 9%, respectively, and shown in Fig. 4 . It is revealed that the deformed (6, 0) CNT is semiconducting for all considered elongations.
All (3n, 0) zigzag CNTs with equal bond lengths were found to be metallic at zero elongation [22] (the calculated band structure of the (6, 0) CNT with all bonds of equal length a CC = 0.142 nm is shown in Fig. 4e ). Here we have performed the tight-binding calculations of the band structure of the uniaxially deformed (6, 0) CNT with equal bond lengths (that is the atomic structure changes only due to the changes of angles between bonds, with the elongation for the elongation range ε = 0-2.3% and linearly decreases (from 311 meV to 88 meV) for the elongation range ε = 2.3-9%. The bond lengths linearly increase with the elongation. The phase transition from the narrow band gap (≈ 0.1 eV) to the moderate band gap (≈ 0.5 eV) semiconductor occurs in the electron subsystem of the CNT at the elongation ε t ≈ 9% corresponding to the structural phase transition. Unlike the Kekule structure, the band gap of the quinoid structure increases (from 513 meV to 730 meV) with the elongation for the considered elongation range ε = 9-12%.
Strain sensor based on zigzag CNT
At present, the standard methods of the nanometer-scale detection of strain are based on micrometer size silicon piezoresistors or MOS transistors with piezoresistive channels [49] . Recently, a strain sensor based on commensurate-incommensurate phase transition in the double-walled CNTs was proposed [2] . Since the resistance of an undoped (intrinsic) semiconductor depends exponentially on the band gap, the predicted effect of the abrupt band gap change at the structural phase transition controlled by the axial elongation of the (6, 0) CNT can be detected by measurements of the CNT resistance. Thus, a strain sensor based on measurements of the resistance of the uniaxially stretched (6, 0) CNT can be proposed. The preliminary stretched (6, 0) CNT with the initial elongation ε ini can be attached to electrodes which are positioned on controlled object (see Fig. 6 ). If this object is compressed or extended, the elongation of the CNT is ε = ε ini + ε obj , where ε obj is the object elongation. At the object elongation ε obj = ε t − ε ini , which corresponds to the phase transition in the CNT, the abrupt change of the resistance can be detected. The proposed strain sensor can be used for detection both compression and extension of the object for the initial elongations of the CNT ε ini > ε t and ε ini < ε t , respectively. Since the value of a typical diameter of a single-walled CNT is within several nm, a minimal size of a strain sensor is limited mainly by a minimal possible width of the electrodes.
The (6, 0) CNT is considered here as an example of (3n, 0) zigzag CNTs. We believe that the phase transition from a narObject to be controlled (insulator) (6,0) CNT Electrode = ini + obj Figure 6 : The nanometer-scale strain sensor based on the stretched (6, 0) CNT. If initial nanotube elongation is less than critical one ε ini < ε t , then the strain sensor operates for registering an extension of an object (ε obj > 0), and if ε ini > ε t , it operates for registering a compression of an object (ε obj < 0). row gap to a moderate gap semiconductor is possible also at elongation of other (3n, 0) CNTs. Thus, the proposed strain sensor can be based also on (3n, 0) CNTs as well as on (n, n) armchair CNTs, where a narrow gap semiconductor to metal transition is predicted at elongation [13] . A set of (3n, 0) or (n, n) with different chiral indices (and thus with different critical elongations ε t ) or with identical chiral indices but with different initial elongations ε ini can be attached to the same pair of the electrodes. For such a scheme of the strain sensor, the transitions take place for different CNTs at different elongations of the controlled object, therefore the sensor can be used not only to detect the presence of strain in the controlled object but also to measure the value of this strain.
Conclusions
The first order deformational structural phase transition at zero temperature is revealed at the critical uniaxial elongation ε t ≈ 9% of the (6, 0) carbon nanotube by semiempirical PM3 molecular orbital calculations. Namely, it is found that the (6, 0) nanotube has the Kekule structure with four types of bonds and the quinoid structure with two types of bonds for the elongations less and greater than the critical value ε t , respectively. Geometry optimization by the semiempirical PM3 method is found to be better than the DFT results as compared to experimental data on the C 60 molecule. Tight-binding band structure calculations show that this structural phase transition is followed by the transition in the electron subsystem from the narrow gap (≈ 0.1 eV) to the moderate gap (≈ 0.5 eV) semiconductor. A strain sensor of nanometer size based on measurements of resistance of the uniaxially stretched nanotube is proposed. bonds a ′ and b ′ (Fig. 1b) . Therefore, for the Kekule structure the tight-binding Hamiltonian matrix has dimensionality 6 × 6 which is three times greater than the one for the quinoid structure.
In the case of the Kekule structure with four different bond lengths (Fig. 1a) the two-dimensional primitive unit cell (Fig. A.1 ) contains six carbon atoms (three α and three β atoms).
By employing the tight-binding approach for the Kekule structure, a Bloch wave function can be written as [7, 22] :
where N t is the number of translational unit cells, R ζ is the position of the ζ-th kind of atoms (ζ = α 1 , α 2 , α 3 , β 1 , β 2 , β 3 ), and ψ z (r) is the normalized p z atomic orbital wave function of an isolated carbon atom. In the tight-binding approximation, the calculations of a band structure of a CNT with the Kekule structure are reduced to diagonalization of the six order matrix. The Hamiltonian matrix is obtained as (see also [50] ): 
where t a , t b , t c , t d are the hopping integrals corresponding to the bonds a, b, c, d, respectively; k = k x e x + k y e y is the electron wave-vector; e x , e y are the unit vectors of the coordinate system; The periodic boundary condition is
where C h = 4(2d x + b x ) is the magnitude of the chiral vector C h = na 1 + 0·a 2 ≡ (n, 0) (for n = 6 the value of C h is a circumference length of the (6, 0) CNT; a 1 and a 2 are the unit vectors of graphene), and l t = a + c + 2d y is the period of the (6, 0) CNT with the Kekule structure along the nanotube axis.
A.2. Quinoid structure
In the case of a CNT with the quinoid structure with two different bond lengths (a ′ and b ′ as shown in Fig. 1b ) the primitive unit cell contains two atoms (denoted as α and β in Fig. A.2) . In this section we will denote bonds a ′ and b ′ as a and b, respectively.
The Bloch wave function for the quinoid structure can be written in form of Eq. (A.1), where R ζ stands for the positions R α and R β of the α and β carbon atoms.
The tight-binding Hamiltonian matrix in this case has the form [20, 22] 
where H αβ = t b e ikr 1 + t a e ikr 2 + t a e ikr 3 and H * αβ = t b e −ikr 1 + t a e −ikr 2 + t a e −ikr 3 . As it follows from Fig. A.2 the vectors r 1 , r 2 , r 3 are defined in the chosen reference system as: r 1 = be y , r 2 = −a x e x − a y e y , r 3 = a x e x − a y e y ,
where a x = a sin γ, a y = −a cos γ are the projections of the bond a on the x and y axes; the wave-vector is k = k x e x + k y e y .
The periodic boundary condition is C h ·k = 2πq; q = 1, . . . , 2n,
where C h = 2na x = 12a x is the magnitude of the chiral vector, and l t = 2(a y +b) is the period of the (6, 0) CNT with the quinoid structure along the nanotube axis.
To obtain the energy spectrum the following secular equation should be solved det −E H * αβ H αβ −E = 0.
By expanding the above determinant, we obtain
a cos 2 (πq/6) + 4t a t b cos(k y l t /2) cos(πq/6).
Thus, in the tight-binding approximation the dependence of π-electron energy on the wave vector along the nanotube axis E m (k) (band structure) for a (n, 0) CNT with the quinoid structure is [20] : where t a and t b are the hopping integrals for the bonds a and b, respectively, q = 1, 2, . . . , 2n is an integer, and −π/l t k y π/l t is the wavenumber of the π-electron along the nanotube axis y.
For the CNT with the quinoid structure there are 4n energy bands in the electronic spectrum of the CNT, 4n−4 of which are twofold degenerate, according to equivalence of two possible directions of the electron quasi-momentum. Only bands with indexes q equal to n and 2n are not degenerate. The signs plus and minus in the formula (A.4) correspond to the conduction and valence bands, respectively, which are symmetric relative to the Fermi level E = 0. For the (n, 0) CNT with even n, bands with index q = n/2 are dispersionless (the electron energy does not depend on the quasi-momentum) (see also [22] ). The formula (A.4) for the electron energy bands shows that the electron energy in the (n, 0) CNT can be equal to zero only when n is multiple of 3 and t a = t b (i.e., all equal C-C bonds). Only in this case the electric conductivity of the CNT has a metallic character, in all other cases there is a gap in the electron energy spectrum.
